Area Specificity and Topography of Thalamocortical Projections Are Controlled by ephrin/Eph Genes  by Dufour, Audrey et al.
Neuron, Vol. 39, 453–465, July 31, 2003, Copyright 2003 by Cell Press
Area Specificity and Topography
of Thalamocortical Projections
Are Controlled by ephrin/Eph Genes
Introduction
The neocortex contains the most complex centers for
information processing and integration. It is organized
into different areas, each characterized by a specific
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On the one hand, grafting and rerouting experimentsmain poorly understood. Using axon tracing analysis
have shown that thalamic nuclei can establish patternedof ephrin/Eph mutant mice, we provide in vivo evi-
and functional connections with inappropriate corticaldence that Eph receptors in the thalamus and ephrins
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tomical studies on the early development of projections
to and from the cortex, have led to the handshake hy-
pothesis, according to which thalamic axons may be
patterned on their way to the cortex, following axon-
axon interactions with the cortical efferents (Molnar and
Blakemore, 1995; Molnar et al., 1998).
Even less is known about the basic mechanisms pat-
terning the topography of TC projections within each
cortical area. Although the role of neural activity in the
plasticity of cortical maps is well established (Katz and
Shatz, 1996), studies centered on the cortical somato-
sensory map in rodents have shown that activity-depen-
dent mechanisms may not be essential for the develop-
ment of TC topography (Crair, 1999; Iwasato et al., 2000;
Erzurumlu and Kind, 2001). Recent work on the develop-
ment of visual maps in higher mammals also point to
the same conclusion (Crowley and Katz, 2000; Katz and
Crowley, 2002). These results suggest that activity-inde-
pendent mechanisms, such as complementary gradi-
ents of topographic labels, must be required for the
generation of topographic maps in the cortex. Mutant
mice for the GAP43 gene, which may act downstream
of several guidance cues, display a striking disruption
in the point-to-point precision of somatosensory TC pro- Figure 1. Patterns of Expression of ephrin-A5 and EphA4 in the
jections (Maier et al., 1999). However, the mechanisms Perinatal Mouse Forebrain
underlying these defects have not been characterized, (A) In situ hybridization on a coronal section of a P0 mouse brain
and so far no guidance cue has been shown to control showing the medial to lateral gradient of expression of ephrin-A5
in the somatosensory cortex.the topographic precision of TC projections.
(B) In situ hybridization on a coronal section of a P0 mouse brainBased on their well-characterized role in topographic
showing the medial to lateral gradient of expression of EphA4 inmapping in lower systems (Flanagan and Vanderhaeghen,
the VPM and VPL.1998; Wilkinson, 2001) and on expression studies,
(C) Schematic representation of ephrin/Eph complementary gradi-
ephrin/Eph genes were previously proposed to control ents in the TC somatosensory system.
several aspects of TC mapping (Gao et al., 1998; Mac- Lateral is left, dorsal on top.
karehtschian et al., 1999; Prakash et al., 2000; Vander-
haeghen et al., 2000; Sestan et al., 2001).
In particular, ephrin-A5 and its receptor EphA4 are telencephalon. These data point to an economical
expressed in complementary gradients in the rodent model of TC development, where the same ephrin/Eph
primary somatosensory cortex (S1) and in the primary labels are used at different times and places to control
somatosensory thalamus (Vanderhaeghen et al., 2000). distinct aspects of the organization of TC connectivity.
Using an in vitro stripe assay, ephrin-A5 was shown to
act as a topographically specific repellent for somato-
Resultssensory thalamic axons. Analysis of ephrin-A5 mutant
mice revealed a topographic distortion of the cortical
ephrin-A5/EphA4 Interactions Are Requiredsomatosensory map, consistent with a role for this gene
to Establish the Topography of TC Projectionsin the patterning of TC axons in the somatosensory
within the Primary Somatosensory Areacortex (Prakash et al., 2000; Vanderhaeghen et al., 2000).
ephrin-A5 is expressed in a medial to lateral gradient inHowever, the mutant TC map showed no obvious dis-
the presumptive somatosensory area at perinatal stages,ruption of the point-to-point precision, suggesting that
while its receptor EphA4 is expressed in a medial tothe phenotype observed in this mutant was only partial
lateral gradient in the somatosensory thalamic ventroba-because of molecular redundancy and leaving open the
sal nucleus (VB) (consisting of the ventro-postero-exact nature of the observed defect.
medial [VPM] and the ventro-postero-lateral [VPL] nu-Here, we performed a more detailed axon tracing
clei) (Figures 1A and 1B; Vanderhaeghen et al., 2000).study of the TC projections in ephrin/Eph compound
These gradients match one another, given the knownmutant mice. This approach first allowed us to demon-
VB to S1 topography, with the medial part of VB pro-strate in vivo that ephrin-A5/EphA4 interaction is re-
jecting to the lateral part of S1, and the lateral partquired for the topographic mapping of TC axons within
of VB projecting to the medial part of S1 (Figure 1C;the somatosensory area. To our surprise, analysis of
Vanderhaeghen et al., 2000).ephrin-A5/EphA4 mutants also revealed defects in the
We first performed retrograde axon tracing studies ofarea specificity of TC projections, with axons from the
mice with targeted deletions of ephrin-A5 (Frisen et al.,motor nucleus VL projecting aberrantly to the S1 area.
1998) and EphA4 (Kullander et al., 2001), as well as onExpression and axon tracing studies centered on early
ephrin-A5/EphA4 double mutants (DKO). The analysisTC development, and a novel organotypic coculture
was centered on P14–P18 animals, a stage where TCassay enabled us to show that ephrins control area
topography has long been established (at around P6specificity of TC projections through the topographic
sorting of TC axons in an intermediate target, the ventral in mice [Agmon et al., 1993, 1995]). We restricted our
ephrins and Thalamocortical Mapping
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Figure 2. Disruption of Intra-Areal Topogra-
phy of TC Projections within the Somatosen-
sory Area in ephrin-A5/EphA4 Mutant Mice
(A–D) The point-to-point topography of pro-
jection between the thalamic nucleus VB
(subdivided in a medial and a lateral part:
VPM and VPL) and the primary somatosen-
sory area S1 demonstrated by retrograde la-
beling. In normal mice, focal injection of DiI
in S1 (see Experimental Procedures)
(A and B) Results in the retrograde labeling
of a single cluster of cells (indicated by a
white star in E) in the thalamic nucleus VPM.
(D) Combined epifluorescence and bright-
field image illustrating the spatial relation-
ships between the retrograde label and sur-
rounding thalamic structures.
(F and G) In EphA4/ mutants, in addition to
the normal cluster, ectopic cells can be found
more medially (F), while ephrin-A5/mutants
display no detectable phenotype (G).
(C and H) Following a focal injection in S1 cor-
tex in ephrin-A5//EphA4/ double knockout
(DKO) mice (C), in addition to the normal clus-
ter of cells, a cloud of ectopic cells is found
more medially within the VPM (H, arrows).
Surprisingly, the ephrin-A5/EphA4 DKO mice
also display ectopic cells located outside the
VPM (H, arrowheads).
Scale bars equal 1500 m (B and C) and 400
m (D–H). Lateral is left, dorsal on top for
(B)–(H).
analysis to the topography of projections from the VPM could be detected within the VPM, which were consis-
tently located more medially than the normal clusterto the S1 “barrel” cortex (which corresponds to the tri-
geminal representation), as the pattern of VPL to so- (fully penetrant phenotype found in 8/8 DKO animals
tested; arrows in Figure 2H; see also Figures 3 and 4).matosensory cortex projections (which corresponds to
the representation of the rest of the body) is much less Importantly, ectopic cells were never found more lat-
erally than the normal cluster, or in the VPL, implyingprecise, thereby precluding a sensitive and specific
analysis of the mutants. that the observed defect is a topographically specific
defect. The intra-areal topographic defect found inIn wild-type (wt) animals (n  15), a single injection
of DiI in the S1 barrel cortex (Figures 2A and 2B) system- ephrin-A5/EphA4 mutants displays a strict correlation
with the high-medial to low-lateral gradient of EphA4 inatically results in a robust retrograde labeling of a single
cluster of cells in the VPM (Figures 2D and 2E). Similar the late embryonic and postnatal thalamus (Figure 1C),
implying that only neurons that normally display highinjections in EphA4 mutants revealed that, in spite of a
grossly normal TC topography, in some animals (43%; EphA4 receptor levels are affected and develop aberrant
projections to the S1 cortex.n  16) retrogradely labeled cells were located more
medially than the normal cluster (arrows in Figure 2G).
This defect was never detected in ephrin-A5 mutants ephrin-A5/EphA4/EphA7 Interactions Are Required
for the Area Specificity of TC Projections between(Figure 2F; n  15; Vanderhaeghen et al., 2000). As
genetic redundancy with other ephrin/Eph genes could Motor and Somatosensory Systems
In addition to this intra-areal topographic defect, retro-be an obvious reason for subtle phenotypes, we next
focused on ephrin-A5/EphA4 double mutants (DKO). In gradely labeled neurons were unexpectedly detected
outside of the VPM/VPL in the ephrin-A5/EphA4 DKOthese mutants, the topography was much more severely
affected (Figures 2C and 2H): in addition to a grossly (arrowheads in Figure 2H). These neurons were located
in a nucleus more medial and rostral than the VPM/VPLnormal cluster, a cloud of retrogradely labeled cells
Neuron
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Figure 3. Disruption of the Inter-Areal Specificity of TC Projections between the Motor and Somatosensory Primary Nuclei in ephrin/Eph
Mutant Mice
(A and B) Following DiI injection in S1 cortex of wt mice, retrogradely labeled cells are found in the VPM nucleus.
(C and D) Following a focal injection in the motor cortex (C), retrogradely labeled cells are found in the VL nucleus (D, arrows).
(E–G) Following DiI injection in S1 cortex of ephrin-A5/EphA4 mutants (E), ectopic retrogradely labeled cells can be found outside of the VPM,
in a crescent-shaped nucleus (arrows) located more medially (G) and rostrally (F) than the normal projection in the VPM, corresponding to
the VL nucleus (compare with D).
Scale bar equals 400 m. Lateral is left, rostral on top for (A), (C), and (E); lateral is left, dorsal on top for (B), (D), (F), and (G).
(Figures 2H and 3; see Supplemental Figure S1 at http:// EphA4 mutants (12.5%, n 16) but never with the sever-
ity observed in the DKOs (Figure 2 and data not shown),www.neuron.org/cgi/content/full/39/3/453/DC1). This
nucleus corresponds anatomically to the ventro-lateral suggesting that ephrin-A5 interacts with EphA4 to con-
trol inter-areal specificity but that other genes are also(VL) nucleus, which normally projects to the rostrally
located motor cortex, but not to the parietal S1 cortex involved.
This possibility prompted us to perform the same TC(Figures 3A–3D; Donoghue et al., 1979; Crandall and
Caviness, 1984; Aldes, 1988). In the DKO mice, the distri- axon tracing analysis on EphA7 mutant mice, as this
gene was previously reported to be expressed in a gradi-bution of the ectopic neurons labeled after injections in
the S1 cortex (Figures 3E–3G) corresponded to the VL ent in the thalamus (Sestan et al., 2001). Single and
double axon tracing analysis revealed a similar defectnucleus labeled after injection in the rostrally located
motor cortex of wt mice (Figures 3C and 3D). in these mutants, with VL neurons displaying the same
abnormally divergent connectivity to motor and somato-These observations indicate that at least a subset of
VL axons project ectopically to S1 cortex in the mutants. sensory cortex (50% of the animals tested, n  12;
Figures 4I–4O). Interestingly, we were unable to detectTo test whether the VL nucleus was still projecting to
the motor cortex in the mutants, we performed double any disruption of VB to S1 topography in EphA7 mutants
(Figure 4 and data not shown), suggesting that the mech-tracer injections in the motor (using fast blue) and S1
(using DiI) cortex. This further confirmed that in the DKO anisms underlying the intra-areal and inter-areal defects
found in ephrin/Eph mutants may be distinct.mice, unlike in wt mice (Figures 4A–4D), a large propor-
tion of cells from the VL nucleus projected to both the
motor cortex and to S1 cortex, thus adopting an abnor- Complementary Gradients of EphA Receptors
in the Early Developing Dorsal Thalamusmally divergent and caudalized pattern of projection
(Figures 4E–4H). In wt and mutant mice, no cells from and ephrin-A Ligands in the Ventral Telencephalon
These data provide strong evidence that ephrin-A5 andthe VPM were labeled following injections in the motor
cortex (Figure 4 and data not shown), suggesting that its receptors EphA4/EphA7 are involved in vivo in the
control of inter-areal specificity of thalamocortical con-the defect observed was topographically restricted to
the rostrally located VL nucleus. The VL to S1 mismatch nections. What could be the underlying mechanism?
The complementary gradients of cortical ephrin-A5 andwas fully penetrant in ephrin-A5/EphA4 mutants (ob-
served in all DKO animals tested; n  8/8) and was also its receptors in the thalamus that we previously de-
scribed (Vanderhaeghen et al., 2000) are unlikely to ac-observed in a small proportion of ephrin-A5 mutants
(33%, n  15; see Supplemental Figure S1 at http:// count for the observed disruption of area specificity, as
they are only found at late embryonic and early postnatalwww.neuron.org/cgi/content/full/39/3/453/DC1) and
ephrins and Thalamocortical Mapping
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Figure 4. Divergent Pattern of TC Projections from the Primary Motor Nucleus in ephrin/Eph Mutant Mice
(A–D) Double-dye injection in wt mice. Fast blue was injected in the motor cortex and DiI in the somatosensory cortex (A), revealing DiI-
labeled cells located exclusively in VPM (B) and fast blue-labeled cells exclusively in VL (C), thus showing a clear segregation of the two cell
populations (D).
(E–H) Double-dye injection in ephrin-A5/EphA4 DKO mice. Fast blue was injected in the motor cortex and DiI in the somatosensory cortex
(E), revealing colocalization of DiI (F) and fast blue (G) cells in the VL nucleus (H), implying that the VL nucleus in the mutants projects both
to primary motor and somatosensory cortical areas.
(I–O) Double-dye injection in EphA7/ mice. Fast blue was injected in the motor cortex and DiI in the somatosensory cortex (I), revealing
colocalization of DiI (J and M) and fast blue (K and N)-labeled cells in the VL nucleus (L and O), implying that the VL nucleus in the EphA7
mutants projects both to primary motor and somatosensory cortical areas.
Scale bar equals 400 m. Lateral is left, rostral on top for (A), (E), and (I); lateral is left, dorsal on top for all other panels.
stages, while the generation of area specificity has been We next examined expression of ephrin-A ligands in
the early forebrain, paying specific attention to gradientsshown to arise much earlier in development (at E14–E16
in the mouse) (Catalano et al., 1996). of ephrins that would be complementary with the graded
EphA receptors found in the thalamus. We found that asAs a next step, we therefore performed an expression
study focused on ephrin/Eph genes in the early develop- early as E13.5, i.e., when TC axons pioneer the internal
capsule, ephrin-A5 displays a striking high-caudal toing forebrain. Three EphA receptors, EphA3-4-7, were
found to be expressed in a high-rostral/medial to low- low-rostral pattern of expression in the ventral telen-
cephalon (Figures 5F and 5G), the main intermediatecaudal/lateral gradient in the early E13–E15 dorsal thala-
mus (Figures 5A–5E). These combinatorial gradients are target of TC axons (Metin and Godement, 1996; Richards
et al., 1997; Molnar and Cordery, 1999; Braisted et al.,strikingly different from the ones previously described
within individual nuclei at later stages, as they appear 2000). This graded pattern of expression was transient,
as it was not detectable after E15.5 (data not shown),before the formation of thalamic nuclei and presumably
cross the boundaries between the future thalamic nuclei raising the possibility that it could provide guidance
signals to early TC axons displaying graded EphA recep-anlage.
Neuron
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Figure 5. Complementary Gradients of Expression of EphA Receptors in the Early Thalamus and ephrin-A5 in the Early Ventral Telencephalon
(A, B, and D) In situ hybridization on E13.5 (D) and E14.5 (A, B, and F) mouse forebrain horizontal sections. EphA4 (A), EphA3 (B), and EphA7
(D) are expressed in distinct gradients (high rostro-medial to low lateral-caudal) in the early developing thalamus prior to the formation of
identifiable thalamic nuclei.
(C and E) Averaged densitometry scans performed on three adjacent horizontal sections (for each probe) along the medial-rostral (MR) to
lateral-caudal (LC) poles of the dorsal thalamus (corresponding to red arrowheads in A, B, and D) showing the combinatorial gradients of
EphA3-4 (C) and EphA7 (E).
(F and G) A complementary gradient (high caudal to low rostral) is observed for ephrin-A5 on horizontal sections of E14.5 ventral telencephalon
(F). (G) Corresponding averaged densitometry scans performed on three adjacent horizontal sections showing the gradient of ephrin-A5 along
the rostro-caudal (R-C) axis in the ventral telencephalon (axis between arrowheads).
(H) In situ receptor binding using soluble ephrin-A5-AP probe on horizontal sections of the ventral telencephalon (VT) at E14.5 reveals differential
ephrin-A5 binding sites along the rostro-caudal axis in the internal capsule (IC): TC axons growing rostrally in the IC display the highest level
of ephrin-A5 binding sites (arrow). DT, dorsal telencephalon.
Scale bar equals 275 m. Medial is left, rostral on top.
tors. Consistent with this hypothesis, recent studies tral telencephalon, we have used a new organotypic
guidance assay, in which explants from early embryonichave shown that the broad topography of TC projections
is initiated very early (E14.5) at the level of the ventral thalamus are isolated from EGFP-expressing mice
(Okabe et al., 1997) and cocultured with a whole-mounttelencephalon (Seibt et al., 2003 [this issue of Neuron]).
We next performed in situ receptor binding using a preparation of isochronic telencephalic vesicle, includ-
ing the ventral and dorsal telencephalon (see Supple-soluble ephrin-A5 protein fused to alkaline phosphatase
(ephrin-A5-AP) (Flanagan et al., 2000). At E14.5, differen- mental Figure S2 at http://www.neuron.org/cgi/content/
full/39/3/453/DC1).tial binding could readily be detected on TC axons radi-
ating in the ventral telencephalon to form the internal This assay faithfully recapitulates several aspects of
the topography of TC axon outgrowth observed in vivo:capsule, with highest binding activity on rostral TC ax-
ons and lowest binding on caudal TC axons in the ventral in particular, axons from the rostral thalamus show a
strong preference for the rostral part of the ventral telen-telencephalon (Figure 5H), correlating with the graded
expression of EphA3/4/7 mRNA. cephalon and avoid the caudal part of ventral telenceph-
alon, while caudal thalamic axons tend to invade moreAltogether, these expression studies therefore sug-
gest that complementary gradients of Eph receptors caudal territories of the ventral telencephalon (Figures
6A and 6D; Seibt et al., 2003).and ephrin ligands may contribute to the topographic
sorting of TC axons in the ventral telencephalon. The addition to the culture medium of a soluble Eph
receptor extracellular domain protein (EphA3-Fc), known
to inhibit the function of all endogenous ephrin-A ligandsephrin-A/EphA Interactions Are Required
for the Topographic Sorting of Thalamocortical (Ciossek et al., 1998), resulted in the loss of rostral
growth preference (Figure 6B) and in some cases a cau-Projections in the Ventral Telencephalon In Vitro
To test whether endogenous ephrins were required for dalization (Figure 6C) of the outgrowth of rostral TC
axons in the ventral telencephalon (quantified in Figurethe topographic guidance of thalamic axons in the ven-
ephrins and Thalamocortical Mapping
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Figure 6. ephrin-A/EphA Signaling Is Required for the Topographic Sorting of TC Axons in the Ventral Telencephalon
(A–C) Explants were isolated from the rostral thalamus from E14.5 EGFP-expressing embryos and cocultured with wild-type whole-mount
telencephalic vesicles of the same age for 3 days in vitro, in the presence of control (A) or EphA3-Fc (B and C) reagents (final concentration
10 g/ml).
(D) Quantification of the in vitro assay. The mean normalized optical density of the GFP fluorescent signal (see Experimental Procedures) is
represented as a function of distance along the rostro-caudal axis of the ventral telencephalon (normalized to 40 bins of equal width). Blocking
endogenous ephrin-A ligands (B and C) results in a significant (ANOVA p  0.001) caudal shift of the distribution of rostral thalamic axons
growing in the ventral telencephalon. Error bars represent standard error to the mean (n  7 for each condition).
(E) Explants were isolated from EGFP/ephrin-A5/ embryos and cocultured with telencephalic vesicles dissected from ephrin-A5/ mice.
(F) Quantification of the in vitro assay. Coculture with ephrin-A5/ telencephalon results in a significant (ANOVA p  0.01) caudal shift of the
distribution of rostral thalamic axons growing in the ventral telencephalon. Error bars represent standard error to the mean (n  7 explants
for each condition). White dashed lines correspond to the limits of the telencephalic explant, while red dashed lines correspond to the limits
between the ventral (VT) and dorsal (DT) telencephalon, as assessed from the nuclear staining of the explants (data not shown).
Scale bar equals 500 m.
6D; two-way ANOVA p  0.001; n  7 explants for each axons but that other ephrins are likely to act in concert
with ephrin-A5 in the ventral telencephalon.condition). In these conditions, rostral TC axons were
thus adopting the behavior of axons from more caudally
located thalamic domains. A similar effect could be seen ephrin-A5/EphA4 Interactions Are Required for the
Early Topographic Sorting of Thalamocorticalusing other ephrin/Eph antagonists (EphA3AP and
ephrin-A5-Fc), while no effect could be seen on axons Projections to the Telencephalon In Vivo
To assess whether ephrin/Eph genes were also requiredfrom the caudal thalamus (data not shown).
In order to strengthen these findings and to relate in vivo for the topographic sorting of TC axons, we next
performed anterograde tracing experiments on wt andthem to our observations in ephrin/Eph mutants, we
performed the assay by coculturing wt rostral thalamus ephrin-A5/EphA4 DKO mutants, using focal DiI labeling
restricted to the rostral third of the embryonic thalamuswith ventral telencephalon from ephrin-A5/ embryos.
Again, a caudal shift of rostral TC axon outgrowth was (Figure 7). We focused our analysis on E16.5 embryos,
a stage where TC axons have already invaded the telen-detected, although less severe than observed following
addition of ephrin/Eph antagonists (Figures 6E and 6F; cephalon and display their characteristic topographic
arrangement, with rostral TC axons spanning the rostraltwo-way ANOVA p  0.01; n  7 explants for each
genotype). This indicates that ephrin-A5 is a major con- third of the ventral and dorsal telencephalon (Figures
7D and 7F; Seibt et al., 2003). Comparison with wt casestributor to the ephrin-mediated guidance of rostral TC
Neuron
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Figure 7. Caudalization of Rostral TC Axons in
the Telencephalon in ephrin-A5/EphA4 DKOs
(A and B) Images from coronal sections lo-
cated at a level 300 m caudal to the first
section where TC axons exit from the dien-
cephalon to the ventral telencephalon, show-
ing the caudalized TC projections originating
from the rostral thalamus of ephrin-A5/EphA4
DKO (B) compared to wt embryos (where no
fibers left can be detected at this level) (A).
Arrowheads point to the fibers detected in
the DKO in the ventral telencephalon (VT) and
dorsal telencephalon (DT).
(C) Image taken from the same animal as in
(B) at a level 400 m caudal to the same refer-
ence point. Red arrowheads point to fibers
following an abnormally ventral/lateral trajec-
tory in the ventral telencephalon. Lateral is
right, dorsal top in (A)–(C).
(D and F) Quantification of the rostro-caudal
topographic distribution of TC projections in
the ventral (D) and dorsal (F) telencephalon
of coronally sectioned E16.5 wt (n  8) or
ephrin-A5/EphA4 DKO embryos (n 10). The
reference point (0 m) corresponds to the
first section where TC axons exit from the
diencephalon to the ventral telencephalon;
the x axis corresponds to the number of 100
m sections. The y axis represents the fre-
quency of sections (expressed as a propor-
tion of all animals examined) where fibers are
found in the ventral telencephalon (D) or in
the cortex (F). The blue curve represents the
distribution of TC fibers in wt, and the red
curve is the distribution of fibers in DKO.
(E and G) Quantification of the caudalization observed in the ephrin-A5/EphA4 DKO (red histogram; n  10) compared to wt (blue histogram;
n  8) found in the ventral (E) and the dorsal (G) telencephalon. The y axis represents the mean distance measured between the point of
reference corresponding to the first section where TC axons exit the diencephalon to reach the ventral telencephalon and the last section
where fibers can still be observed in the ventral (E) and dorsal (G) telencephalon. Bars correspond to standard error of the mean (SEM).
Scale bar equals 200 m.
(Figure 7A, blue curves in Figures 7D and 7F) revealed ventral telencephalon also displayed an abnormally ven-
tral/lateral position in the ventral telencephalon (Figurethat projections of rostral TC axons in ephrin-A5/EphA4
DKOs was caudalized in the ventral telencephalon (Fig- 7C, red arrowheads), corresponding to the main location
of TC fibers emerging from the caudal thalamus (Seibtures 7B–7D and 7F): while the bulk of TC axons from the
rostral thalamus invaded normally the rostral domains et al., 2003), providing further evidence that, in the ab-
sence of ephrin-A5 and EphA4, a subset of rostral TCof the ventral and dorsal telencephalon (red curves in
Figures 7D and 7F, and data not shown), rostral fibers axons adopt the topographic behavior of caudal TC
axons in the ventral telencephalon.could also be observed at abnormally more caudal levels
in the mutants both in the ventral and dorsal telencepha-
lon (Figures 7B and 7C, arrowheads; red curves in Fig-
ures 7D and 7F). The level of caudalization was further Discussion
quantified by comparing the mean distance between
the first section where TC axons exit the diencephalon Here we demonstrate that ephrin/Eph genes are re-
quired in vivo for the development of area-specific andto reach the ventral telencephalon (point of reference 0
in Figures 7D and 7F) and the caudal-most level where topographic TC projections, which constitutes the first
identification of guidance cues involved in both aspectsTC fibers could still be found in the ventral telencephalon
for each genotype: this distance was more than doubled of TC mapping. We also provide evidence that for each
particular aspect of TC mapping, ephrin/Eph genes arein the mutants when compared to wt (Figure 7E; 225.0
25.0 m [SEM] for wt [n  8] versus 490.0  56.6 m used according to different spatial and temporal modal-
ities: while intra-areal TC mapping was found to be de-[SEM] for ephrin-A5/EphA4 DKOs [n  10]; p  0.0011
unpaired t test). A similar caudalization pattern was ob- pendent on ephrin/Eph complementary gradients in in-
dividual thalamic nuclei and cortical areas at perinatalserved in the dorsal telencephalon (Figure 7G; 287.5 
61.05 m [SEM] for wt [n  8] versus 600  107.5 m stages, inter-areal mapping was found to occur much
earlier in development, through the broad topographic[SEM] for ephrin-A5/EphA4 DKOs [n  10]; p  0.0252
unpaired t test). sorting of TC axons in the ventral telencephalon, on their
way to the cortex.Interestingly, some of the caudalized TC fibers in the
ephrins and Thalamocortical Mapping
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Figure 8. Differential Use of ephrin/Eph Genes
for the Generation of Specificity of TC Projec-
tions between and within Individual Cortical
Areas
(A) Schematic model summarizing the role of
ephrin/Eph interactions in intra-areal topo-
graphic mapping of TC projections in the so-
matosensory system (lateral is left, dorsal on
top). ephrin-A5 and EphA4 are expressed in
complementary gradients in VB and S1, re-
spectively. These gradients match one an-
other, given the known VB to S1 topography,
with the medial part of VB (axons in blue)
projecting to the lateral part of S1 and the
lateral part of VB (axons in red) projecting
to the medial part of S1. In the wt situation,
ephrin-A5 mediates a repulsive activity on ax-
ons (shown in blue) from the medial VB displaying high amounts of EphA4 receptor. In the absence of both genes, axons from the medial VB
send ectopic projections (pink dashed lines) to medial domains of S1, although some topography is preserved, suggesting some compensatory
mechanisms by other ephrin/Eph genes remaining in the system (ephrin-AX, EphAX).
(B) Schematic model of the early control of ephrin/Eph genes on TC axon topography in the ventral telencephalon and inter-areal TC mapping
(medial is left, rostral on top). EphA receptors are expressed throughout the dorsal thalamus in a high-rostral-medial to low-caudal-lateral
gradient. Ephrin-A5 is expressed in a complementary gradient, high-caudal to low-rostral, in the ventral telencephalon (VTe). These gradients
match one another, as TC axons (in dark blue) from the rostral-medial part of the thalamus (such as the VL nucleus) travel through the rostral
part of the Vte, and subsequently connect to the rostral part of the cortex (such as the motor cortex M), while axons (in lighter blue) from
more caudal-lateral parts of the thalamus (such as the VPM nucleus) travel more caudally through the VTe and connect to more caudal cortical
domains (such as the somatosensory area S). In the absence of appropriate ephrin/Eph signaling, rostral-medial TC axons growing from the
presumptive VL nucleus start to invade more caudal territories in the ventral telencephalon, resulting in an aberrant shift of their projections
to more caudal cortical areas such as the somatosensory cortex (dashed blue line).
ephrin-A5/EphA4 Interactions Control the effects of this ligand on medial VB axons (Vander-
haeghen et al., 2000), this finding constitutes direct inTopographic Precision of the Cortical
Somatotopic Map vivo evidence that ephrin-A5 in the cortex acts as a
graded repulsive cue for TC axons expressing gradedPrevious studies have shown that activity-dependent
mechanisms may not be required for the generation of levels of EphA receptors (including EphA4) to generate
a precise topographic somatosensory map.topography of somatosensory and visual cortical maps
(Crair, 1999; Katz and Crowley, 2002). Paradoxically, The intra-areal defect could already be detected with
low penetrance in EphA4 mutants, while it could not bethere is so far no direct evidence for the involvement of
any guidance cues in the generation of cortical maps. detected in ephrin-A5 mutants, which highly suggests
that other ephrin/Eph genes act in concert with ephrin-This work constitutes the first in vivo demonstration for
the requirement of such cues and demonstrates that A5/EphA4 to control TC intra-areal topography. EphA3-7
in the thalamus and ephrin-A2/3 in the cortex constitutethey act as genuine topographic labels, much like in
lower systems. potential candidates, as they are expressed in VB and
S1, respectively, at relevant developmental stages (A.D.Indeed, ephrin-A5 and its receptor EphA4 are ex-
pressed in matching complementary gradients in the and P.V., unpublished data). Axon tracing analysis of
mice mutant for these genes, alone and in combination,rodent primary somatosensory cortex (S1) and thalamus
(VB) at perinatal stages (Figure 1), which corresponds should enable testing for their requirement in the TC
somatosensory system.to the period of formation of the somatosensory map
(Agmon et al., 1993). Using an in vitro stripe assay, we
previously showed that ephrin-A5 could act as a topo- ephrin/Eph Genes Control the Target Specificity
of TC Projections through the Topographic Sortinggraphically specific repellent for TC axons from the me-
dial VB, which display the highest amount of EphA4 of TC Axons in the Ventral Telencephalon
This study unexpectedly revealed that another impor-receptor. Analysis of ephrin-A5 mutants revealed a dis-
tortion of the shape and size of the S1 map but did not tant aspect of TC development was dependent on
ephrin/Eph genes: the area specificity of TC projections.show any disruption of the topographic precision of the
projection, suggesting that genetic redundancy may be Although a potential involvement of ephrin/Eph genes
in cortical area patterning was previously suggestedobscuring the full extent of the role of ephrin/Eph genes
in this system (Vanderhaeghen et al., 2000). (Gao et al., 1998; Mackarehtschian et al., 1999; Sestan
et al., 2001; Uziel et al., 2002), this finding came as aHere we found in ephrin-A5/EphA4 mutant mice a
topographically specific defect of TC projections be- surprise to us, as the patterns of expression of ephrin/
Eph genes we found in the late developing brain didtween VB and S1, where axons from medial VB are
projecting ectopically to more medial domains in S1, not point to the control of area specificity of TC axons
(Vanderhaeghen et al., 2000).thereby disrupting the normal point-to-point precision
of the system (Figure 8A). Together with the matching To address the important issue of the mechanisms
involved in the defects observed in ephrin-A5/EphA4/gradients of EphA4 and ephrin-A5 and the repulsive
Neuron
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EphA7 mutants, we therefore looked at the expression determine whether these patterning genes act upstream
patterns of ephrin/Eph genes in the early forebrain, of ephrin/Eph genes or of other guidance cues acting
which enabled us to demonstrate complementary gradi- in concert to generate the multiple levels of complexity
ents of Eph receptors in the thalamus and ephrin-A5 in of projections to the cortex.
the ventral telencephalon, at the time of early TC axon
outgrowth (Figure 8B). Implications for the Mechanisms of Development
Interestingly, the orientation of the thalamic gradients, of Cortical Arealization
high rostro-medial to low caudal-lateral, may provide a The mechanisms controlling the development of cortical
potential substrate for topographic specificity between arealization remain controversial. Recent genetic evi-
individual nuclei (Figure 8B): indeed, numerous anatomi- dence point to an early role of cortical transcription
cal studies (Caviness and Frost, 1980; Crandall and Cavi- factors and morphogens in the patterning of TC pro-
ness, 1984) previously demonstrated that rostro-medial jections (Bishop et al., 2000; Mallamaci et al., 2000;
thalamic nuclei (such as VL projecting to the motor cor- Fukuchi-Shimogori and Grove, 2001). On the other hand,
tex) project to the rostral cortex, and progressively more grafting and rerouting experiments have shown that
caudo-laterally located thalamic nuclei project to more thalamic nuclei could functionally innervate inappropri-
caudal areas (such as VPM projecting to S1). ate areas (Sur and Leamey, 2001), and in vitro studies
Given the striking gradient of ephrin-A5 expression in failed to reveal any area-specific cues in the neocortex
the ventral telencephalon, could this broad topographic (Molnar and Blakemore, 1991), implying that positional
organization of TC projections arise in the early telen- informations displayed in the final target, the cortex,
cephalon? Recent studies have shown that the broad might not control all aspects of TC patterning.
topography of thalamocortical projections is initiated at Our data point to an unexpected site of patterning of
the level of the ventral telencephalon by the sorting of area specificity: the ventral telencephalon, which is an
axons originating from different rostro-caudal levels of important intermediate target for axons coming in and
the thalamus along the rostro-caudal axis of the ventral out of the developing cortex (Metin and Godement,
telencephalon (Seibt et al., 2003 [this issue of Neuron]). 1996; Molnar et al., 1998; Molnar and Cordery, 1999;
This topographic orientation precisely matches the gra- Braisted et al., 2000). It certainly will be worth revisiting
dients found for EphA3/4/7 in the thalamus and ephrin- some of the earlier work on the extrinsic and intrinsic
A5 in the ventral telencephalon, suggesting that these control of cortical patterning in the light of our findings.
receptors and this ligand may be involved in the initiation For instance, the previously reported failure to detect
of topography of TC projections. any area-specific cues in the cortex using thalamo-corti-
Using a novel thalamic-telencephalic coculture assay cal coculture assays could be related to the fact that
that recapitulates the early topographic sorting of TC ventral telencephalon was not included in these in vitro
axons observed in vivo, we provide direct evidence that paradigms (Molnar and Blakemore, 1991). On the other
this is the case: ephrins are required for the topographic hand, some of the genes that have been shown in vivo
guidance of TC axons from the rostral thalamus to the to be important for cortical patterning, such as FGF8 or
rostral telencephalon, as pharmacological or genetic
Emx2, may also be involved in the development of the
disruption of ephrin signaling results in a caudalization
ventral telencephalon (Bishop et al., 2003). Similarly,
of rostral TC axon outgrowth. Anterograde tracings per-
recent studies using mouse mutants where TC projec-
formed on ephrin-A5/EphA4 DKO at embryonic stages
tions fail to reach the cortex have shown that manyconfirmed the in vivo relevance of these findings, dem-
aspects of cortical patterning occur independently ofonstrating an early caudalization of rostral TC axons in
TC innervation (Nakagawa et al., 1999; Miyashita-Linthe ventral and dorsal telencephalon of the mutants.
et al., 1999). The ephrin/Eph mutants may constitute aTogether with the expression data, these results dem-
useful tool to test the effects of an early ectopic innerva-onstrate that graded ephrins in the ventral telencephalon
tion from a thalamic nucleus to an inappropriate areaact as topographically specific repellents for rostral TC
on the patterning and differentiation of this area. Finally,axons, which display high levels of EphAs (Figure 8B).
according to an influential model of TC development,How can these early effects affect the subsequent devel-
the so-called handshake hypothesis (Molnar and Blake-opment of area specificity of cortical connectivity? Our
more, 1995), developing TC axons and corticothalamicretrograde tracing analysis of postnatal ephrin/Eph mu-
(CT) efferents are tightly linked to each other, and eachtants revealed that in the absence of appropriate ephrin/
set of projections could serve as a guiding scaffold forEph signaling, rostro-medial TC axons growing from the
the other one to generate area specificity of TC projec-presumptive VL nucleus have invaded more caudal terri-
tions and nucleus specificity of CT projections. In thistories in the telencephalon, resulting in an aberrant shift
context, further work should be aimed at determiningof their projections to more caudal cortical areas such as
whether CT efferents are also affected in the ephrin/Ephthe S1 cortex (Figure 8B). Altogether, our data strongly
mutants and whether any mismatch occurs between TCsupport a model where ephrin ligands initiate the inter-
and CT fibers in the absence of ephrin/Eph signaling.areal target specificity of TC projections through the
Another interesting feature of the inter-areal defectearly topographic sorting of axons in an intermediate
detected in ephrin/Eph mutants is that it occurs rathertarget, the ventral telencephalon (Figure 8B).
early but is still present at P14, when most aspects ofRecent work that focused on transcription factors dis-
cortical connectivity have been established. ephrin-A5/playing patterned expression in the thalamus (Seibt et
EphA4 mutants may therefore constitute an originalal., 2003) or the ventral telencephalon (Garel et al., 2002)
model of TC rerouting of genetic origin. It will be interest-also point to the role of the ventral telencephalon in
the patterning of TC projections. Future work should ing to determine whether this TC miswiring has any
ephrins and Thalamocortical Mapping
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accomplished by replacing exon III with an IRES cassette followedeffect on cortical function or behavior, especially as
by a cDNA encoding a tau--galactosidase fusion. Absence of EphA4grafting and rewiring experiments have revealed a con-
protein was confirmed by Western blotting (data not shown).siderable plasticity in TC connectivity (Sharma et al.,
For EphA7 inactivation (T.C., unpublished data), a 5 EcoRI-XhoI
2000; Sur and Leamey, 2001). 3 kb sequence and 3 NotI-SalI 5.3 kb sequence flanking exon I
While topographic sorting in the ventral telencephalon (1–330 bp of the EphA7 cDNA) including part of the upstream se-
quence (601 to 1) were subcloned into pBluescript vector. Amay allow restriction of TC axons to defined broad corti-
loxP-flanked tk/neo selection cassette containing a neomycin-resis-cal domains, it is likely that ephrins and/or other as yet
tance gene (neo) and the thymidine kinase gene, both with theunidentified labels located in the cortex (in the subplate,
phosphoglycerate (pgk) promoter and pgk polyadenylation signal,for example) (Ghosh et al., 1990; Mackarehtschian et
were cloned between these genomic sequences. The R1 embryonic
al., 1999) may also act to refine the appropriate inter- stem cell line was electroporated with the linearized targeting con-
areal specificity of TC axon projections. Such a refine- struct and selected with G418 for 10 days. A total of 360 surviving
clones were expanded, and homologous recombinants were identi-ment mechanism may be particularly important in spe-
fied by Southern blot analysis of genomic DNA from single clonescies displaying numerous contiguous related areas,
digested with EcoRI. The 5 end of the targeted allele was checkedsuch as carnivores or primates, while it may be less
for integrity using 5-CTTGACAGCTAAATATCTGGATAAAGAGATC-3relevant in species displaying a lower level of complexity
sense and 5-CATTACACTTCCAGACCTGGGAC-3 reverse primer,
of cortical areas; it is tempting to speculate that the generating a 3.6 kb band in case of correct homologous recombina-
relative importance of ventral versus dorsal telencepha- tion. From the 12 resulting positive clones, three were transfected
with expression plasmid pIC-Cre coding for Cre recombinase inlon-mediated TC guidance in the generation of area
order to remove the loxP-flanked tk/neo selection cassette. Clonesspecificity may vary in species displaying different levels
were counter-selected with the thymidine kinase substrate gan-of arealization complexity.
cyclovir (2 M). Surviving clones were expanded and tested with the
genomic probe as described above. To prove the correct removal of
the loxP-flanked tk/neo selection cassette, genomic DNA was testedTopographic Mapping in an Intermediate Target
in a PCR reaction using 5-CTAAGGTCCTATTTTGCCTG-3 senseand the Generation of Target Specificity
primer and the reverse primer described above, leading to the ampli-The topographic arrangement of the TC system of pro-
fication of a 0.5 kb band from the targeted allele.jections, with rostral thalamic nuclei projecting to the
Chimeras were mated to C57BL/6 mice to produce heterozygotes.
rostral cortex and progressively more caudally located Southern blot analysis and PCR analysis were used for genotyping
nuclei projecting to more caudal cortical areas, displays the offspring. Primers used in RT-PCR for demonstrating the ab-
sence of the signal peptide of EphA7 in transgenic animals were 5-striking similarities with classical neural topographic
GTCTGCAGTCGGAGACTTGCAG-3 and 5-CTTCGCAGCCTGCGCmaps such as the one found in the retinotectal system
CTC-3, amplifying a 314 bp band from the 5 region of the EphA7(Flanagan and Vanderhaeghen, 1998). This work demon-
mRNA. PCR analysis was used for genotyping the offspring. Primersstrates that they develop through similar molecular and
used in RT-PCR for demonstrating the absence of the signal peptide
cellular mechanisms, but important differences between of EphA7 in transgenic animals were 5-GTCTGCAGTCGGAGACTT
the two systems should be pointed out. GCAG-3 and 5-CTTCGCAGCCTGCGCCTC-3.
First, the mapping of TC axons is taking place in an
intermediate target, where ephrins control the topo- In Situ RNA Hybridization and In Situ Binding
Mouse EphA3, EphA4, and EphA7 probes have been describedgraphic sorting of axon outgrowth, as opposed to the
previously (Feldheim et al., 1998). Mouse ephrin-A5 probe (corre-control of topographically specific branching in the final
sponding to the full coding sequence) was amplified by RT-PCRtarget zone that occurs in the retinotectal system (Yates
using primers from the published sequence. Brains were fixed withet al., 2001). The cellular and molecular mechanisms
4% paraformaldehyde by perfusion followed by overnight immersion
used in each case may present interesting differences, at 4	C. In situ hybridization using digoxigenin-labeled RNA probes
particularly the signaling cascades involved and the was performed as described (Vanderhaeghen et al., 2000). All hy-
bridization results obtained with antisense probes were comparedcrosstalks with other guidance cues.
with control sense probes and were confirmed by testing at leastFinally, the TC system consists of a topographic ar-
three embryos or pups for each stage examined. Staining of brainrangement of an array of distinct projecting fields and
sections with ephrin-A5-AP was performed on lightly fixed vibra-target fields. The mapping of area-specific TC projec-
tome sections as previously described (Flanagan et al., 2000). Densi-
tions therefore constitutes a remarkably economical tometric scans were performed with Image J software on three
model of generation of target specificity. It will be inter- alternating sections for each probe tested, and results from these
consecutive scans were averaged to generate the plots in Figure 5.esting to determine whether a similar strategy is used for
the development of target specificity in other systems
In Vivo Axon Tracingwhere topography may be less obvious, such as fly
Axon tracing was performed using carbocyanin dye (1,1-dioctade-visual connections, projections between individual mo-
cyl-3,3,3,3-tetramethylindocarbocyanine perchlorate, DiI, 3% in di-tor columns and muscle domains, or olfactory projec-
methyl-formamide, Molecular Probes) or fast blue (10% in PBS,tions (Mombaerts, 2001; Clandinin and Zipursky, 2002;
Sigma) focal injection in the cortex of living mice anesthetized by
Shirasaki and Pfaff, 2002). avertin (aged P13–P18, at the time where all aspects of TC connec-
tivity have been long established [Agmon et al., 1995]) with capillary
micropipettes hooked up to a PicospritzerII (Prakash et al., 2000;Experimental Procedures
Vanderhaeghen et al., 2000). Animals were sacrificed 1 to 2 days
later and fixed by perfusion, and forebrain was vibratome sectionedTransgenic Mice, Breeding, and Genotyping
Timed-pregnant mice were obtained from Harlan and from local at 200 m. After examination of the sections using fluorescence
microscopy, only the cases where the injections were restrictedcolonies of mutant and wt mice. The plug date was defined as
embryonic day E0.5, and the day of birth as P0. to the cortex without encompassing the white matter were further
analyzed to preclude artifacts due to dye uptake by fibers en pas-ephrin-A5 mutants were described previously (Frisen et al., 1998).
The generation of a replacement-type targeting vector for EphA4 sant. Localization of the injection sites were also checked on some
animals using bisbenzimide nuclear staining as well as cytochromewas described (Kullander et al., 2001). Inactivation of EphA4 was
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